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PREFACE
The love and curiosity for the world is the power motivating me to explore the
unknowns. I love life, this colorful world and this unique Universe. Why is it so beautiful
and miraculous? The curiosity urges me to explore and know more about it, from quarks
to nebulas, even the parallel universe. The more I realize, the more love and worship I
will have in my heart.
Chemistry, as a fantastic and practical field, can be utilized to uncover the true
features of the world. That is one of the reasons why I love chemistry and choose it as
my major. Human beings are so tiny in comparison with the Universe. However, the
greatness quality of human beings is that we can think. We can figure out the rules and
utilize them, or even make the rules, for example, what we did in chemistry. I also wish
to use this power to do some contributions to a better world. Utility of solar energy is like
building a city. In this thesis, using what I learned in chemistry, I brought a stone.
As an enthusiastic fan of science fiction, I have a great deal of imagination about
the future. But no matter how the future will be, I always hope that it will be better and
better. Every being can have a happy and peaceful life.
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Organic semiconductors functionalized nanostructures are becoming as promising
materials for electronic device applications including organic photovoltaics (OPVs).
Perylenediimide (PDI) derivatives have also been known as one of the best n-type
organic semiconductors. PDI derivatives can form bulk materials, which are both
photochemically and thermally stable and have been widely used in various
optoelectronic devices. Due to the formation of high electron mobility of crystalline
domains, they prefer to incorporate into a silsesquioxane network.
Here, we describe the potential applicability of perylenediimide functionalized
silsesquioxane nanoribbons (PDI-dimethyl nanoribbons) as an acceptor for
optoelectronic devices. We have developed synthetic procedures to make the
PDI-dimethyl nanoribbons by the substitution reaction and the modified Stöber method.
The PDI-dimethylethoxy silane precursor was produced in high yield by substituting
3-aminopropyldimethylethoxysilane on perylene-3,4,9,10-tetracarboxylicdianhydride as
side chains. The optically active PDI-dimethyl nanoribbons were then formed upon
hydrolysis with the certain concentration of ammonium hydroxide as a base. These
nanoribbons were characterized using transmission electron microscopy (TEM),
xiii

elemental analysis, and polarized optical microscopy. The photophysical properties in
solution phase were also studied. The synthesis procedure developed here will have a
great promise in large-scale manufacturing. Different shapes of PDI-dimethyl
nanostructures, such as nanorods, nanochains, and nanoparticles, were discovered while
varying the base concentrations. Also the morphologies of these PDI nanostructures were
studied using TEM. Future studies will focus on optimizing procedures of PDI-dimethyl
nanostructures and exploring new derivatives like perylenediimide dimer functionalized
silsesquioxane polymers.

xiv

INTRODUCTION
1.1 Overview
The development of organic-based photovoltaics (OPVs) has demonstrated that
organic-based semiconducting materials have the potential of cost-effective, widespread,
and large-scale manufacturing. Over fragile inorganic semiconductors, organic materials
are advantageous due to inexpensive and easy to manufacture as well as the possibility
for flexible applications.1-3 As techniques improved, increasing performance and
decreasing cost will result greater probability of commercialization.
Moreover, novel organic semiconductor materials with improved electronic
properties are essential to the advancement of the performance of OPVs since the energy
conversion efficiency of current OPVs is relatively low.4 For example, the highest
power-conversion efficiency (PCE) of organic solar cells has been recorded is 10.6%
while inorganic semiconductors-based solar cells can achieve an efficiency of 8% for
thin film devices to 40% for multilayer single-crystal devices.3,5 In order to improve
energy conversion efficiency, the key mechanistic processes of OPVs (solar energy
absorption, charge-carrier mobility, charge separation, and active layer morphology) need
to be addressed.6 To maximize the energy absorption and charge-carrier mobility, it is
necessary to develop materials with improved optoelectronic properties while improving
charge separation via well-organized active layer.
The progress of the synthetic efforts for OPVs has been placed on the development of
novel donor materials.7-10 However, progress with alternative acceptor materials has not
1

been visible as for donor polymers. So far, acceptors such as conjugated polymers,
carbon nanotubes, perylenes, and inorganic semiconducting nanoparticles have not
satisfied expectations as comparing to PCBM and related fullerenes.11,12 For example,
solar cells comprised of blends of perylenediimide derivatives (PDIs) and P3HT exhibit
power conversion efficiencies below 0.2%, due to the formation of micrometer-sized PDI
crystals upon annealing. The micrometer-sized crystals act as barriers to separate holes
and electrons generated at the donor-acceptor interface resulting in low power conversion
efficiency.12 The inherent optoelectronic characteristics and high thermal and
photostability of PDI derivatives make them promising alternatives to PCBM. The bulk
materials formed by PDI derivatives have been widely used in various optoelectronics
devices.13,14
1.2 General Goal of the Research
The focus of my research work is to develop the synthesis of
perylenediimide-functionalized silsesquioxane nanostructures by controlling the
morphology to overcome following limitations: (1) low material stability, (2) formation
of bulk aggregates and (3) less control of the materials morphology.
To overcome these limitations, the bulk materials will be incorporated into
silsesquioxane networks. Polysilsesquioxanes materials are known to have good
thermo-stabilities and minimal material defects.15 Incorporating silsesquioxane network
into PDI units improves thermo-stability, which is critical for device applications. The
formation of nanoscale morphologies will avoid the phase separation in bulk aggregates
2

during the thin film fabrication of device preparation.16 The silsesquioxane backbone
gives better control of nanoscale morphologies.
The approach of this work is synthesizing different morphologies of
perylenediimide (PDI) functionalize nanostructures using base-catalyzed hydrolysis and
condensation, which is called modified Stöber method.17 This thesis describes the
synthesis of several different nanostructures, PDI-nanoribbons and PDI-nanorods, and
their characterizations including structural morphologies and photo-physical properties.

3

BACKGROUND
2.1 Overview

Solar energy is the largest renewable energy resource that has great promise to
meet the energy demands of human society. Solar cells have been developed to produce
electricity by utilizing solar energy. Mono-crystalline and multi-crystalline silicon solar
cells are the most common commercially available devices as solar cell modules.18 The
silicon-based solar cells can achieve an efficiency of 8% for thin film devices to 40% for
multilayer single-crystal devices.3 The highest power-conversion efficiency (PCE) of
organic-based solar cells made from tandem polymer derivative of thiophene blended
with fullerene (C60) is in the range of 8 - 10.6%.5 However, compared to expensive and
fragile inorganic semiconductors, organic photovoltaic semiconductors still have
attracted intense attention because of their potential advantages such as: mechanical
flexibility, ability allowed for large-scale fabrication, potential low cost, and synthetic
variety.7 With these advantages, organic-based solar cell research has grown
exponentially, and organic semiconductors are slowly replacing inorganic
semiconductors in many applications.16

4

2.2 Principles of Organic Solar Cells

2.2.1 Device Architecture of Organic Solar Cells

A typical organic solar cell (OSC) has a cathode, an anode, and an active layer
which is sandwiched between two electrodes (Figure 1 (a)). ITO refers to indium tin
oxide, a common material used as the anode. The active layer absorbs light and transports
charges toward respective electrodes to produce the electric current. Small organic
molecules or polymers are employed in the active layers to function as electron donors or
electron acceptors. As shown in Figure1 (b), electron donors (D) absorb light and have
easily excited electrons, while electron acceptors (A) accept and transfer electrons from
the donors.16,19 PEDOT:PSS refers to poly (3, 4-ethylenedioxythiophene)
poly(styrenesulfonate) and is the conductive layer which can reduce the gap between the
active layer and the anode.2

5

Figure 1. Schematic diagram of (a) a typical organic solar cell device; (b) donor and
acceptor charge transfer mechanism within the active layer.
2.2.2 Performance

By measuring the current and voltage of OSCs, current-voltage (I-V) curves are
obtained (Figure 2). The open circuit voltage (Voc) is defined as the voltage at no current
flow. The Jsc is defined as maximum current density at zero voltage per device area. To
calculate the power conversion efficiency (PCE or ç), equation one is used along with the
Voc and Jsc values from the I-V curves.

PCE% = FF(VocJsc)/Pin × 100%

FF = (VMPPIMPP)/(VocIsc)
6

(1)

(2)

Where Pin (in W/m-2) is the light intensity incident on the device and FF is the fill
factor. There is a point on the curve indicating highest power (highest voltage multiplies
by current). VMPP and IMPP are designated as the voltage and current of that point. PCE,
Voc and Jsc are the three most significant performance parameters of OSCs.20

Current density (J)
(mA/cm2)

illuminated
dark

Voc
0

Voltage (V)

IMPP
VMPP

Jsc

Figure 2. Representative diagram for the I-V curves in the dark and under illumination of
OSC
2.3 Bulk Heterojunction Solar Cells

To enhance the performance of OSCs, the technology of bulk heterojunction
(BHJs), as shown in Figure 3 was developed and employed in OSCs. In a BHJ OSC, the
active layer is a blend of an electron donor and an electron acceptor. BHJs can form
nanoscale interpenetrating donor-accepter networks in the active layer to increase
7

donor-accepter interfacial area.16 Therefore, the excitons can access the donor-acceptor
interface rearranging the free holes and electrons effectively allowing these charge
carriers to reach their respective electrodes through the donor and acceptor phases. Thus
the PCE of solar cells is enhanced significantly.20

Figure 3. Schematic diagram of a conventional bulk heterojunctions

2.4 Semiconductor Materials

Traditional and new organic semiconductor materials are also being improved and
explored to achieve high performance of OSCs.4,21 Table 1 shows some examples of
commonly used organic semiconductors in OSCs.

8

Table 1. Selected examples for organic donor and acceptor organic semiconductor
materials
Semiconductor

Materials

Chemical structure
type

Poly(3-hexylthiophene
Donor
-2,5-diyl) (P3HT)

22

Poly(para-phenylene
Donor
vinylene) (PPV)

23

Poly(9,9-dioctylfluoren
e-alt-bithiophene)

Donor

(F8T2)24

Poly{[2-methoxy-5-[(3
,7-dimethyloctyl)oxy]p
Donor
henylene]vinylene}
(MDMO-PPV)25

9

Poly(triarylamine)
Donor
(PTAA)

26

Diperfluorohexyl-nTs
Donor
(DH-nT)

27

Phthalocyanine28

Donor

Pentacene29

Donor

α-Sexithiophene30

Donor

Buckminsterfullerene
Acceptor
31

(C60)

10

Phenyl-C61-butyric
acid methyl ester

Acceptor

(PCBM)32

Perylene33

Acceptor

naphthalenetetracarbox
Acceptor
ylic diimide (NDI)

34

Hexadecafluorophthalo
cyanina-tozinc

Acceptor

(F16PcZn)35

11

perylene-3,4,9,10-tetra
carboxylic dianhydride

Acceptor

(PTCDA)36

perylenetetracarboxyli
Acceptor
c diimide (PDI)

37

2.5 Table Summarizing Current OSCs with Performance

Table 2. Selected examples of donors and acceptors with their photovoltaic performance
Organic solar cells

Isc

Voc

PCE
Ref.

(Donor-accepter materials)

1

(mA/cm2)

(V)

(%)

9.54

0.63

3.20

38

8.26

1.56

8.6

39

6.88

0.53

1.56

17

Poly(3-hexylthiophene) (P3HT) and
Fullerene (C60), PCBM-based
donor-accepter polymers

2

PBDTT-DPP-involved tandem polymer
and fullerene solar cells

3

P3HT and perylenediimide

12

nanoparticles (PDI-NPs)

4

P3HT-siloxane nanoparticles and
10.44

0.8

2.5

40

11.40

0.8

4.41

41

PCBM

5

DTDCTB and fullerene (C60)

6

DTDCTB and fullerene (C70)

14.68

0.79

5.81

41

7

PTCDI-C13H27 and pentacene

8.6

0.41

2.0

42

8

regioregular poly(3-hexylthiophene)
2.57

0.51

0.49

43

(rrP3HT) and poly(perylene diimide
acrylate) (PPDA)

2.6 PDIs as Potential Acceptors for OSCs

As potential acceptor materials, perylene tetracarboxylic diimides (PDIs) have
been widely used in various optoelectronics devices. The first organic solar cell reported
by Tang in 1985 was made from copper phthalocyanine and a perylenetetracarboxylic
derivative, which achieved about 1% of PCE.44 PDIs are also light absorbing materials
13

with strong and tunable visible absorption properties. Due to the high thermal and photo
stability of PDIs, formation of bulk materials such as nanoparticles is possible. The high
electron mobility crystalline domain of PDIs makes it a suitable candidate for
incorporation into a siloxane network.45-47 Many studies about PDI nanostructures,
include previous work done by our group, have been reported.17,37,40,48,49 Our group
introduced modified Stöber method to make PDI-functionalized siloxane nanoparticles
and studied their electronic properties for OSC.22

Most dye-functionalized nanostructures were prepared via self-assembly processes
through their π-π stacking. For examples, Cao reported self-assembly of
perylenediimide nanobelts;50 Huang and coworkers reported the preparation of
nanotube and nanorods by self-assembly of
N,N′-bis(2-(trimethylammoniumiodide)ethylene)perylene-3,4,9,10-tetracarboxyldiimide
;51 Balakrishnan group prepared 1-D nanobelt from N, N-di(dodecyl)-perylene3,4,9,10-tetracarboxylicdiimide and 0-D nanosphere from
N,N-di(nonyldecyl)-perylene-3,4,9,10-tetracarboxylicdiimide using self-organization;48
A kind of 1-D nanotubes was self-assembly formed by bisthienylethene-functionalized
perylenediimide (BTE-PDI) photochromic dyad.49 Self-assembly usually need
demanding and time consuming reaction conditions. Nanostructures prepared in this
manner can not retain the organized structures in solutions, so it will be difficult to
utilize such structures into applications.
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2.7 Preparation of Organo Silica-based Nanostructures Using Stöber Method

The typical method to make functionalized silica particles was introduced by
Stöber and coworkers.52 In this method, the silica particles were prepared by hydrolysis
and subsequent condensation of tetraethoxysilane (TEOS) in alcoholic solution in the
present of a base. Bases, especially ammonia can be used as morphological catalysts.52
The Stöber method offers a one-step synthesis under base-catalyzed reaction condition at
room temperature in nontoxic organic solvent such as ethanol. It has been widely used to
synthesize silica particles due to its outstanding control of uniform size and
morphology.53,54

There are three methods to introduce organic functional groups into silica cores. In
the first method, silica particles were formed by Stöber method followed by surface
functionalization of organic groups using organosilane chloride.55 The second method is
co-condensation of tetraethoxysilane and organo-triethoxysilane in the presence of a
base.56 The third method is synthesis of organo-bridged silsesquioxane by direct
hydrolysis and condensation of organotriethoxysilane.17, 22

The third method is employed and modified by our group as a better pathway.
Compared to the first method, it can introduce organic groups to both inside and outside
the particles, not only on the surface, which extends its applications. When compared to
the second method, it can introduce high amount of organic groups, which is essential to
improve the performance of the material. For example, the molar ratio of organic groups
15

in PDI-bridged siloxane nanoparticles can reach as high as 33% by using the third
method, while the molar ratio in the organically modified silica is about 11%.17,54

Figure 4. Schematic diagram for three different paths to make organic functionalized
silica-base nanoparticles
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MATHERIAL AND METHODS
3.1 Materials
3,4,9,10-tetracarboxydianhydrideperylene,

anhydrous

ethanol

(200

proof),

chloroform-d and chloroform (HPLC grade) were obtained from Aldrich chemicals.
Ammonium

hydroxide

(28%)

was

obtained

from

Fischer

Scientific.

3-Aminopropyldimethylethoxysilane was purchased from Gelest Inc. and used as
received. Unless otherwise specified, all chemicals were used as received.
3.2 Characterization
Proton NMR spectra were recorded on a 500 MHz JEOL using CDCl3 as a solvent.
FTIR spectra were acquired using a Perkin-Elmer Spectrum One FT-IR spectrometer
equipped with a universal ATR sampling accessory. Transmission electron microscopy
(TEM) observations were performed on a 100CX JEOL at 80 keV. The elemental
compositions (C, H, and N) of the PDI-silane precursor and PDI polymers were analyzed
by Micro-Elemental Analysis Lab at Advanced Materials Institute, Western Kentucky
University. The photophysical properties in solution were performed on fluorescence
spectrometer (Perkin Elmer LS 55) and UV-visible spectrometer (Perkin Elmer, Lambda
35).
3.3 Synthesis of PDI-dimethylsilane Precursor
To a three-necked round bottom flask, 3,4,9,10-tetracarboxyanhydrideperylene
(0.49 g, 1.12 mmol) and anhydrous ethanol (50 mL) were added and heated to reflux
under argon atmosphere. Then excess amount of 3-aminopropyldimethylethoxysilane (2
17

g) was added. The reaction was left refluxing for twenty four hours. The resulted dark red
solid

was

washed

with

hexane

and

ethanol

to

remove

excess

3-aminopropyldimethylethoxysilane. The dark red solid was dissolved in chloroform
(~50 mL) and insoluble solid was removed by centrifugation and gravity filtration. The
filtrate was concentrated in vacuum condition to yield a dark red solid (500 mg, yield =
59%).
3.4 Preparation of PDI-dimethyl Polymer
Trail 1: Anhydrous ethanol (150 mL) and ammonium hydroxide (28% in water, 20
mL, 0.29 mol) were added into a 250 mL round bottom flask under argon atmosphere. 25
μL 3-aminopropyldimethylethoxysilane was added into the flask. Then the PDI-dimethyl
silane precursor (200 mg, 0.29 mmol) in chloroform (15 mL) was slowly added through
the microfilter to the reaction mixture and stirred for 48 hours at room temperature. The
PDI-dimethyl nanoribbons were isolated by repeated centrifugation and repeated
dispersion in ethanol. After totally dried in stream air, nanoribbons were gained as a red
solid.
Trail 2: Anhydrous ethanol (150 mL) and ammonium hydroxide (28% in water, 20
mL, 0.29 mol) were added into a 250 mL round bottom flask under argon atmosphere.
Then the PDI-dimethyl silane precursor (200 mg, 0.29 mmol) in chloroform (15 mL) was
slowly added through the microfilter to the reaction mixture and stirred for 48 hours at
room temperature. The PDI-dimethyl nanoribbons were isolated by repeated
centrifugation and repeated redispersion in ethanol. After totally dried in stream air, the
18

nanoribbons were gained as red solid.
Trail 3: PDI-dimethyl silane precursor (200 mg, 0.29 mmol) in chloroform (15 mL)
was added into a 250 mL round bottom flask through the microfilter under argon
atmosphere. Then anhydrous ethanol (150 mL) and ammonium hydroxide (28% in water,
20 mL, 0.29 mol) mixture was added without disturbing the surface. With time, the
reaction system turned into one layer. After reacting at room temperature for 48 hours,
the PDI-dimethyl nanoribbons were isolated by repeated centrifugation and repeated
redispersion in ethanol. After totally dried in stream air, nanoribbons were gained as red
solid.
Trail 4: PDI-dimethyl silane precursor (50 mg, 0.07 mmol) in chloroform (3.75 mL)
was added into a 50 mL round bottom flask through the microfilter under argon
atmosphere. Then anhydrous ethanol (37.5 mL) and ammonium hydroxide (28% in water,
5 mL, 72 mmol) mixture was added without disturbing the surface and. With time, the
reaction system turned into one layer. After reacting at room temperature for 48 hours,
the PDI-dimethyl nanoribbons were isolated by repeated centrifugation and repeated
dispersion in ethanol. After totally dried in stream air, nanoribbons were gained as a red
solid.
Trail 5: Anhydrous ethanol (37.5 mL), deionized water (2.5 mL) and ammonium
hydroxide (28% in water, 5 mL, 72 mmol) were added into a 100 mL round bottom flask
under argon atmosphere. Then the PDI-dimethyl silane precursor (~50 mg, 0.7 mmol) in
chloroform (3.75 mL) was slowly added through the microfilter to the reaction mixture
19

and stirred for 48 hours at room temperature. The PDI-nanorods and nanochains can be
observed through transmission electron microscope. The reaction mixture was isolated
by repeated centrifugation and repeated dispersion in ethanol.
Trail 6: Anhydrous ethanol (37.5 mL) and ammonium hydroxide (28% in water, 7
mL, 101 mmol) were added into a 100 mL round bottom flask under argon atmosphere.
Then the PDI-dimethyl silane precursor (~50 mg, 0.7 mmol) in chloroform (3.75 mL)
was slowly added through the microfilter to the reaction mixture and stirred for 48 hours
at room temperature. The reaction mixture was isolated by repeated centrifugation and
repeated dispersion in ethanol.
Trail 7: Anhydrous ethanol (37.5 mL) and ammonium hydroxide (28% in water, 9
mL, 130 mmol) were added into a 100 mL round bottom flask under argon atmosphere.
Then the PDI-dimethyl silane precursor (~50 mg, 0.7 mmol) in chloroform (3.75 mL)
was slowly added through the microfilter to the reaction mixture and stirred for 48 hours
at room temperature. The reaction mixture was isolated by repeated centrifugation and
repeated dispersion in ethanol.
Trail 8: Anhydrous ethanol (37.5 mL) and ammonium hydroxide (28% in water, 11
mL, 159 mmol) were added into a 100 mL round bottom flask under argon atmosphere.
Then the PDI-dimethylsilane monomer (~50 mg, 0.7 mmol) in chloroform (3.75 mL)
was slowly added through the microfilter to the reaction mixture and stirred for 48 hours
at room temperature. The reaction mixture was isolated by repeated centrifugation and
repeated dispersion in ethanol.
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RESULT AND DISCUSSION
4.1 Overview
Perylene-3,4,9,10-tetracarboxylicdiimide (PDI) and derivatives have been known
to be one of the best organic acceptor semiconductor. PDI derivatives can form bulk
materials, which are both photo-chemically and thermally stable, and have been widely
used in various optoelectronic devices. PDI with siloxane as side chains prefer to
incorporate into a siloxane network. Here, we describe the potential applicability of
perylenediimide functionalized siloxane nanoribbons as an acceptor for OPVs. We have
developed synthetic procedures to make perylenediimide-functionalized nanoribbons,
nanoparticles, and nanochains by based- catalyzed condensation. The derivative of
perylenediimde-monoethoxysilane precursor gave optically active nanoribbons upon
hydrolysis with the certain concentration of NH4OH as a base. These nanoribbons were
characterized using transmission electron microscopy (TEM), elemental analysis, and
polarized optical microscopy. By changing the base concentration, nanorods were
obtained and characterized. The photophysical properties in solution phase were also
studied for both. The synthesis procedures developed here have a great promise in
large-scale manufacturing. The future studies will focus on optimizing photovoltaic
performance of these nanostructures as an acceptor for OPVs and developing more PDI
functionalized derivatives.
4.2 Synthesis and Characterization of PDI-dimethyl Silane Precursor
As described in Scheme 1, PDI-dimethyl silane precursor (1) was synthesized by
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substitution of 3-aminopropyl dimethyl silane onto perylene-3,4,9,10-tetracarboxylic
dianhydride (PTCDA). The precursor (1) was initially isolated by vacuum filtration.
Then the product was further purified and isolated using centrifuge and vacuum
evaporation to yield a dark red solid. The precursor was characterized by 1H-NMR,
Fourier transform infrared spectroscopy (FTIR) and elemental analysis. As showed in
Figure 5, 1H-NMR had two doublet peaks (8.49-8.47 ppm, 8.33-8.31 ppm) come from
aromatic hydrogens, which shows symmetric structure. The integration of 1H-NMR also
confirmed monoethoxy silane chains existing on both sides. In IR spectrum (Figure 6),
functional groups stretchings at in 1378-1248 cm-1 (Si-C stretching) and 1103-1072 cm-1
(Si-O-Si) also proved the existence of siloxane side chains. Bands for N-C (1439 cm-1)
and C=O (1692 cm-1) demonstrated the success of the substitution reaction on N,N’
position of PTCDA. Elemental analysis showed the product had 66.8% carbon, 6.26%
hydrogen and 4.04% nitrogen, which was accordant with calculated data (%C 67.2, %H
6.2, and % N 4.1).
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Scheme 1. Preparation of PDI-dimethyl silane precursor
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Figure 5. 1H-NMR of PDI-dimethyl silane
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Figure 6. FTIR of PDI-dimethyl silane.
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Figure 7. UV-visible and fluorescence spectra of PDI-dimethyl silane in chloroform
solution
The photophysical properties of PDI-dimethyl silane precursor were also studied in
chloroform solution. In Figure 7, UV-visible spectrum had three peaks at 459, 490 and
526 nm. The highest absorption peak was at 526 nm. The fluorescence emission also had
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three peaks at 514, 534, 575 nm. The maximum emission was at 534 nm.
Most syntheses of symmetrically N,N’-substituted PDIs had high yield (over 90%)
easily, but they required high temperature (>160℃) and imidazole or quinoline as
solvent.45 In those methods, it was very difficult to isolate the product because the
solvent would turn into tough solid at room temperature. Thus, new method was
developed to synthesize PDI-dimethyl silane precursor at mild condition (about 95 ℃)
and to be isolate by simple filtration. Furthermore, ethanol used as solvent is more
environmental friendly. Thus, the merits are obvious in large-scale production.
4.3 Synthesis and Characterization of PDI-dimethyl Nanostructures
As displayed in Scheme 2, PDI-dimethyl nanostructures were synthesized by
hydrolysis and condensation of PDI-dimethyl silane precursor with different
concentration of NH4OH as a base. Ammonium hydroxide was essential to the reactions
as it offered hydroxide anion to cut the Si-O bond. In alkaline condition, the siloxane side
chains will hydrolysis and connect with each other forming Si-O-Si networks. Then the
polymer stacked forming the nanoribbons, nanorods and nanoparticles.
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Scheme 2. Preparation of PDI-dimethyl polymer nanostructures
4.3.1 Synthesis of PDI-dimethyl Nanoribbons
PDI-dimethyl silane precursor was first dissolved in chloroform. PDI-dimethyl
nanoribbons was synthesized by hydrolysis and condensation of PDI-dimethyl silane
precursor with the 1.56 mol/L NH4OH. After 48 hours of reaction time, the precipitate,
which is PDI-dimethyl nanoribbons, was collected through centrifugation. FTIR (Figure
8) shows Si-O bond stretching at 1098-1016 cm-1 and Si-C bond stretching at 1379-1250
cm-1, which confirmed the existence of the siloxane network. The carbonyl group in
diimide peak comes at 1692 cm-1 and alkyl stretching shows at 2885-2993 cm-1. The
stretching range from 1558 to 1593 cm-1 confirms the present of aromatic rings. The
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Elemental analysis of nanoribbons (%C 63.6, %H6.3, %N 4.9) was lower than the
calculated elemental percentages (%C 67.5, %H5.3, %N 4.6).

Figure 8. FTIR of PDI-dimethyl nanoribbons

4.3.1.1 Morphology of PDI-dimethyl Nanoribbons
The reaction conditions were optimized and evaluated for the reproducibility of
experimental conditions by running two different trail reactions. As described in Table 3,
trail 1 and 2 were preceded with stirring and trail 3 and 4 were performed without stirring.
All the other conditions such as base concentration, solvent ratio, and the concentration
of silane precursor were kept constant.
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Table 3. Experimental conditions and morphologies of PDI-dimethyl polymer
nanoribbon
Concentration
EtOH:CHCl3:H2O
Trails
of NH4OH
solvent (mL)
(mol/L)

1

1.56

150:15: 0

2

1.56

150: 15:0

3

1.56

150:15:0

4

1.56

37.5: 3.75:0

Dimensions of nanostructures
Nanoribbons - width up to 600 nm
and average length of untangled
ones are in the range of 10-15 μm
Nanopaticles – Average size up to
30 nm
Nanoribbons - width up to 700 nm
and length about 11 μm
Nanoparticles – Average size up to
30 nm
Nanoribbons –width 50 to 300 nm
and length 6 to 10 μm
Nanoparticles –size from 15-150 nm
Nanoribbons - width 50 to 300 nm
and length 6 to 10 μm
Nanoparticles – size from 15-50 nm
and 100-150 nm

The typical procedure for trail 1 and 2 was carried out by adding PDI solution into
ammonia alcoholic solution while stirring. Through this method, more curved and longer
nanoribbons were obtained. However, the reaction was unable to be reproduced.
The new procedure used for trail 3 and 4 was developed later to assure the
nanoribbons could be reproduced. In this later method, PDI solution was first added into
the flask. Then the ammonia alcoholic solution was added carefully by sliding through
the wall to form two layers. Along with the time, the two layers slowly turned into one
layer. After 48 hours of reaction time and centrifugation, only the nanoribbons existed in
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the precipitate. The nanoribbons made by the new procedure were slightly shorter
compare to the prior.

Figure 9. TEM images of Trail 1: A. 16 hours; B. 48 hours; C. After 48hours and
separation; D. nanoribbons in the supernatant after separation
The morphologies of the products from these trail reactions were studied under
TEM. As observed in TEM (Figure 9, 10), in the trail 1 and 2, there were nanoribbons,
nanofibers and nanoparticles. Nanofibers were confirmed as self-assembly of starting
materials. There are only nanoparticles and nanoribbons in trail 3 (Figure 9) and 4. SEM
(Figure 12) and TEM images (Figure 9 D) both exhibited the morphology as the
nanoribbons twisted and tangled. From the TEM images with high magnification, the
nanoribbons were made of stack of small sheets. Measured through TEM, the dimension
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of most nanoribbons was up to seven hundred nanometers width and fifteen micrometer
in length.

Figure 10. TEM images of Trail 2: A. 4 hours; B. 16 hours; C. 24 hours; D. Nanoribbons
in chloroform

Figure 11. TEM images of Trail 3: A. 24 hours; B. 48 hours and separated nanoribbons
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Figure 12. SEM images of PDI-dimethyl nanoribbons

4.3.1.2 Optical Properties of PDI-dimethyl Nanoribbons
The polarized optical microscopy analysis was used to study the chiral optical
properties of these nanoribbons. The nanoribbons were dispersed in anhydrous ethanol
and then dropped on a glass slide with a glass cover. The samples were examined under
bright field and polarized field. As shown in Figure 13, under bright field, nanoribbons
showed no fluorescence. When switch to polarized lens and adjust to the darkest
background, the nanoribbons showed the shining light confirming chiral optical activity.
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Figure 13. Optical microscope images of nanoribbons: A. under bright field (scale bar); B.
under polarized light; C & E. under bright field; D & F. nanoribbons under polarized
light
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4.3.1.3 Photophysical Properties PDI-dimethyl Nanoribbons
The UV-visible and fluorescence emission spectra were obtained for samples
dissolved in chloroform solution. The absorption spectrum showed the typical three-peak
and a shoulder structure of the absorption of PDIs. The peaks from right to left were
vibronic bands of 0-0, 0-1, 0-2, 0-3 (S0-S1) transitions, respectively. For the nanoribbons,
the maximum peak was at 526 nm. There were other two peaks at 490 nm and 459 nm
and a shoulder at 370 nm. This spectrum confirmed the aggregated structure of the
nanoribbons. The fluorescence spectrum was the mirror image of the absorption
spectrum which maximum peak was at 534 nm and two vibronic bands were at 574 nm
and 624.5 nm (Figure 14). The peak at 514 nm came from excitation wavelength since
the sample was excited at 514 nm.
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Figure 14. UV-visible and fluorescence spectra of PDI-dimethyl nanoribbons in
chloroform solution
34

4.3.2 Synthesis of PDI-dimethyl Polymer with Various Base Concentrations
Table 4. Morphologies of PDI-dimethyl polymer upon changing the base concentration
of the reactions
Trails

Concentration
of NH4OH
(mol/L)

EtOH:CHCl3:H2O
solvent (mL)

5

1.47

37.5:4:2.5

6

2.10

37.5:3.75:7

7

2.59

37.5:3.75:9

8

3.04

37.5:3.75:11

Dimensions of nanostructures
Nanorods – width 80-100 nm and
length from 2 to 9 μm
Nanoparticles – Average size range
15-30 nm
NPs – 15-100 nm
Nanochains – width 100-150 nm and
length about 2-3 μm
Fibers –width 30-80 nm and length
about 2-3 μm
NPs – about 15-150 nm
Nanorods – width 60-150 nm and
length more than 6μm
Nanochains –width 60-150 nm and
length about 3μm
Fibers –width 30-80 nm and length
about 2-3 μm
NPs – 15-80 nm
Nanorods – width 50-150 nm and
length up to 10 μm
Nanochains – Be network. Width
about 50 nm
Fibers –30-50 nm width and 2-3 μm
length

To explore the relationship between the base concentrations and morphologies,
PDI-dimethyl polymer was synthesized by hydrolysis and condensation of PDI-dimethyl
silane precursor with the different concentration of NH4OH as the base. PDI-dimethyl
silane precursor was first dissolved in chloroform and then added into a mixture of
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ethanol and ammonia aqueous solution while stirring. After 48 hours of reaction time,
supernatant and precipitate were separated through centrifugation. The morphologies of
nanostructures for each base concentration were studied using TEM and summarized in
Table 4. The morphology formations were monitored at four different time intervals,
such as 4, 16, 24, and 48 hours of reaction.

Figure 15. TEM images of Trail 5: A: 0 hour; B & C: 1 hour
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Figure 16. TEM images of Trail 5: A & B: 5 hour ; C & D: 48 hours
When the base concentration decreased to 1.47 mol/L, there were three different
distinct structures; fibers, nanoparticles, nanorods, observed during the reaction.
Nanorods were appeared at early stage of reaction time. Under high magnification of
TEM, it was observed that nanorods have smooth surface. Some stocky nanorods
consisted of several thin nanorods. Most nanorods were present up to 16 hours. However,
with longer reaction time, other nanostructures such as nanoparticles and fibers were
more abundant. In some trails, nanorods were much less discovered and much short on
samples of 24 hours or 48 hours. In other trails, long straight nanorods could be found
and still keep considerable amount. After centrifuging, besides nanoparticles, a few
nanorods were found in the supernatant.
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Figure 17. TEM images of Trail 6: A: 4 hours; B: 16 hours; C: 24 hours; D: 48 hours; E:
supernatant; F: precipitate
When the base concentration was 2.10 mol/L, trail 6 mainly formed nanoparticles
and fibers. Nanoparticles had diameter varying from 15 to 100 nm. Fibers were similar to
the nanoribbons but much smaller. Fibers were the 30 to 80 nm in widths and 2-3 μm in
lengths. In trail 7, nanoparticles with diameter of 15 to 100 nm and fibers with widths
ranging from 20 to 50 nm were presented at 0 hour. As showed in Figure 17, image A (4
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hours) and image B (16 hours) both had nanochains, which were not found in later
samples. Under high-magnification of TEM, it revealed that these nanochains were
formed by self-assembling of nanoparticles and fibers. However, fibers and smaller
nanoparticles with average size of 30 nm were present at 24 hours and 48 hours of
reaction time (see Figure 17 C and D). After centrifugation, only fibers were present in
the precipitate leaving nanoparticles in the supernatant.

Figure 18. TEM images of Trail 7: 0h
When the base concentration was increased to 2.59 mol/L, the TEM sample of trail
7 at 0 hour had the nanochains, which appeared at 4 hours in trail 6. As showed in Figure
18, it also had nanoparticles (15-100 nm) and fibers (width 15-60 nm).
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Figure 19. TEM images of Trail 7: A & B: 4 hours; C & D: 16 hours; E: 24 hours; F: 48
hours
On the TEM images of trail 7 at 4 hours (Figure 19), beside nanoparticles and
fibers, two distinct morphologies of nanochains were distributed everywhere with the
dimension of 60-150 nm in widths and 6 μm in lengths. The nanochains in image A were
straight long chains. The nanochains in image B were long curved chains. Observed in
details, they both have lumpy surface as result of being formed by nanoparticles. Under
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higher magnification, TEM images show these nanochains are consisted with
nanoparticles resulting a rough surface to the nanochain surface. Then, in images C and
D, a few nanorods began to appear. The nanorods were straight and had smooth surface
with a spongy inside. Only nanoparticles and fibers were found in the sample at 24 hours
(E); nanoparticles, fibers and nanochains were found in the sample at 48 hours (F).

Figure 20. TEM images of Trail 7: A, B & C: supernatant; D: precipitate
After 48 hours of reaction time and centrifugation, most fibers went down in the
precipitate; nanoparticles and a few fibers stayed in the supernatant. The nanochains
were also formed. The diameters of nanoparticles were up to 100 nm diameters. The
fibers were 30-80 nm in widths and 2-3 μm in lengths.

41

Figure 21. TEM images of Trail 8: 0 hour
The trail 8 had the base concentration of 3.04 mol/L. A great number of long
straight nanorods were found at 0 hour with smooth surface. Nanorods have different
diameters as showed in Figure 21. In Figure 21 (C), these thick nanorods were formed by
some thinner nanorods.
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Figure 22. TEM images of Trail 8: A & B: 4 hours; C & D: 16 hours; E: 24 hours; F: 48
hours
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Figure 23. TEM images of Trail 8: A & B: supernatant; C: precipitate
In trial 8, at the highest base concentration, nanorods, nanochains, nanoparticles
and fibers were all observed. The morphology could not be controlled.
4.4 Summary
PDI-dimethyl silane was synthesized through a new developed procedure with
high yield and high quality using simple operations. PDI-dimethyl polymers were
synthesized by the modified Stöber method to form silsesquoxane networks. To control
the morphologies of PDI-dimethyl polymers, different conditions had been explored,
especially different base concentrations, PDI-dimethyl nanoribbons were synthesized and
their properties were studied. Two typical procedures were employed to synthesize the
nanoribbons. The previous method developed for synthesis of PDI-dimethyl polymers
worked well at beginning (trail 1 and trail 2). However, after changing the new bottle of
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ammonia hydroxide, the nanoribbons could not be reproduces with this method. As the
reactions are sensitive to base concentrations, one possible reason is the different batches
of ammonia hydroxide influenced the base concentration. A lot of efforts were made to
modify the procedure and finally we were able to reproduce the nanoribbons. The new
procedure developed in this project can be used to reproduce the nanoribbons in
large-scale. The nanoribbons were long twisted nanostructures having high optical
activity and high fluorescence intensity. Thus, those properties of the nanoribbons make
them a promising material for electronic applications. Moreover, other nanostructures,
such as nanochains, nanoparticles, nanorods and fibers, gained from different base
conditions were also studied using TEM. These nanostructures were lack of control in
morphologies and will need further studies on optimizing reaction conditions.
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CONCLUSION
New methods for the preparation of perylenediimide-functionalized silsesquioxane
nanostructures were developed during my research. Perylenediimide-functionalized
silsesquioxane polymer was synthesized using modified Stöber method and the
PDI-dimethyl nanoribbons were gained by controlling the morphologies. The precursor,
PDI-dimethylethoxy silane, was produced in high yield by substitution reaction between
perylene-3,4,9,10-tetracarboxylic dianhydride and 3-aminopropyl dimethylethoxy silane.
This new-explored procedure has many advantages such as high yield, mild condition,
environmental amity and simple operation. The PDI-dimethyl nanoribbons are
reproducible with the typical procedure. Morphologies were studied under TEM which
showed the PDI-dimethyl nanoribbons have ordered structures and were up to 10 μm in
length and 300 nm in width. The physical properties of the PDI-dimethyl nanoribbons
were studied. The UV-visible spectrum had three peaks (526 nm, 490 nm, 459 nm) and a
shoulder (370 nm). The fluorescence spectrum showed two peaks (534 nm, 574 nm) and
a shoulder (624.5 nm). They both confirmed the PDI-dimethyl nanoribbons show typical
physical properties as its bulk PDI derivatives. The chiral optical properties were also
studied and images showed previously proved the chiral optical activity as the
PDI-dimethyl nanoribbons shined in the polarized field. In summary, the PDI-dimethyl
nanoribbons have improved the material stability and easy-controlled materials
morphologies and can be utilized into the inexpensive screen-printing device fabrication.
These indicate the PDI-dimethyl nanoribbons are promising and scalable for
46

optoelectronic applications.
Several other nanostructures were also gained by varying the base concentration
and their morphologies were studied using TEM. PDI-dimethyl nanorods, nanochains,
nanoparticles and fibers were discovered in different periods and base concentrations of
reactions. More adjustments of the procedure are needed to explore for producing the
only PDI-dimethyl nanorods or nanochains. For example, the PDI-dimethyl nanorods
appeared up to 16 hours and were hard to find later in the higher base concentration,
which means shortening the reaction time may be a possible way to gain the
PDI-dimethyl nanorods.

Also more properties about them are needed to explore in the

future.
Moreover, relative low efficiencies of devices that utilize PDIs as electron
acceptors are caused by the low short circuit current density as a result of the crystallinity
of PDIs. Compare to planar PDIs, non-planar PDIs have the extraordinary potential to
enhance device performance while they increase the distance between interfaces of
materials. Derivatives of PDI dimer are chosen because of its special properties having
the potential to form twisted nanostructure polymers. After combining the PDI dimers
with silsesquioxane network, in future research will focus on preparing perylenediimide
dimer functionalized silsesquioxane polymers and will explore with great promise.
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